Plasmids of the incompatibility group IncP-1 can transfer and replicate in many genera of the Proteobacteria. They are composed of backbone genes that encode a variety of essential functions and accessory genes that have implications for human health and environmental remediation. Although it is well understood that the accessory genes are transferred horizontally between plasmids, recent studies have also provided examples of recombination in the backbone genes of IncP-1 plasmids. As a consequence, phylogeny estimation based on backbone genes is expected to produce conflicting gene tree topologies. The main goal of this study was therefore to infer the evolutionary history of IncP-1 plasmids in the presence of both vertical and horizontal gene transfer. This was achieved by quantifying the incongruence among gene trees and attributing it to known causes such as 1) phylogenetic uncertainty, 2) coalescent stochasticity, and 3) horizontal inheritance. Topologies of gene trees exhibited more incongruence than could be attributed to phylogenetic uncertainty alone. Species-tree estimation using a Bayesian framework that takes coalescent stochasticity into account was well supported, but it differed slightly from the maximum-likelihood tree estimated by concatenation of backbone genes. After removal of the gene that demonstrated a signal of intergroup recombination, the concatenated tree was congruent with the species-tree estimate, which itself was robust to inclusion/exclusion of the recombinant gene. Thus, in spite of horizontal gene exchange both within and among IncP-1 subgroups, the backbone genome of these IncP-1 plasmids retains a detectable vertical evolutionary history.
Introduction
Self-transferable broad-host-range plasmids of Proteobacteria play a crucial role in bacterial adaptation because they can exchange genes among phylogenetically distant bacteria (Adamczyk and Jagura-Burdzy 2003) . These extrachromosomal DNA molecules provide bacteria with a variety of novel phenotypic traits and contribute to the alarmingly rapid spread of multidrug resistance in human pathogens. The most promiscuous plasmids (i.e., those with the broadest host range) belong to the incompatibility groups IncP (Adamczyk and Jagura-Burdzy 2003) , IncW (Fernandez-Lopez et al. 2006) , IncU (Rhodes et al. 2004 ) and the recently defined group PromA (Gstalder et al. 2003 ; Van der Auwera et al. 2009 ). Plasmids belonging to the same group are said to be incompatible because they cannot coexist in the same cell line. IncP, also called IncP-1, plasmids are considered to be among the most promiscuous and carry many kinds of accessory genes (Thomas and Smith 1987; Adamczyk and Jagura-Burdzy 2003; Schlüter et al. 2007) . They replicate in different classes within Proteobacteria and can also mobilize nonself-transferable plasmids into Gram-positive bacteria (Mazodier et al. 1989) , cyanobacteria (Kreps et al. 1990) , and even eukaryotes (Heinemann and Sprague 1990) . Not only are they present in diverse environments such as manure (Binh et al. 2008) , agricultural soils (Top et al. 1995; Sen et al. 2011) , streams (Smalla et al. 2006; Akiyama et al. 2010) , and wastewater treatment plants (Schlüter et al. 2007) , they are also a cause for concern in the clinic because of the drug resistance they often encode (Ingram et al. 1973; Novais et al. 2006) . Plasmids typically consist of backbone genes that are involved in replication, stable inheritance and control, and conjugative transfer ( fig. 1 ), in addition to accessory genes that confer variable host-beneficial traits. Adamczyk and Jagura-Burdzy (2003) and Schlüter et al. (2007) provide excellent reviews of backbone genes of IncP-1 plasmids. Of the nearly 45 backbone genes found on IncP-1 plasmids, approximately 33 are shared by all plasmids that have been completely sequenced to date. The conservation of this complement of backbone genes across the IncP-1 plasmids suggests that they may share a common phylogenetic history.
Phylogenies inferred from single or concatenated backbone genes have shown the IncP-1 group to be composed of five diverse subgroups: IncP-1a, -b, -g, -d, and -e (Pansegrau et al. 1994; Thorsted et al. 1998; Vedler et al. 2004; Haines et al. 2006; Bahl et al. 2007) . Recently, three new potential IncP-1 subgroups have been identified: z (Norberg et al. 2011) , Z (Sen D, Yano H, Bauer M, Rogers LM, Van der Auwera GA, Brown C, and Top E, unpublished) , and an unnamed subgroup (Pachulec and van der Does 2010) , thus indicating the tremendous diversity that exists within this plasmid group. The biological significance of these subgroups is unknown, and more work is required to distinguish between them phenotypically. Furthermore, the validity of classifying plasmids into subgroups based on the phylogeny of a single gene or few genes is tenuous because of evidence of horizontal gene transfer (HGT) between plasmid backbones in the group. HGT among plasmid backbones is mediated by conjugation and subsequent recombination between coexisting plasmids, resulting in chimeric plasmid genomes. In such cases, phylogenetic inference based on both recombinant and nonrecombinant regions may lead to conflicting results. The first evidence of recombination between IncP-1 plasmids was clearly shown in the IncP-1b plasmid, pB10 (Schlüter et al. 2003) . We recently showed another instance of recombination in the IncP-1d plasmid pIJB1, which has two sets of the replication and transfer genes trfA-trbE, one of which was acquired from an IncP-1b plasmid and the other was native to its subgroup (Sen et al. 2010) . Recently, more IncP-1 plasmids (namely, pB3, pBP136, and pAOVO02) were identified as recombinants through the analysis of concatenated alignments of backbone genes (Norberg et al. 2011) . It is thus becoming increasingly apparent that although IncP-1 plasmids are incompatible over long periods of time, they may coexist long enough to allow recombination, which may also be true for other incompatibility groups. Thus, the contribution of recombination to the evolution of plasmids may be greater than previously thought, and a phylogenomic approach is required to elucidate the extent of HGT and how it impacts phylogenetic signal and phylogeny estimation.
It is known that phylogenies inferred from multiple loci often contradict each other (Rokas et al. 2003; Pollard et al. 2006 ) and that this incongruence among gene phylogenies can have three causes: phylogenetic uncertainty, coalescent stochasticity or random sorting of ancestral polymorphisms (Maddison 1997) , and HGT (Maddison 1997) . Phylogenetic uncertainty can be attributed to random error, caused by the sample of characters chosen (Graybeal 1998) , and/or systematic error (Yang et al. 1994) caused by the introduction of analytical bias during phylogeny estimation. Coalescent stochasticity is caused by the random sorting of polymorphisms in an ancestral population and sometimes occurs in a way that is not in agreement with the species history, such that nonsister taxa or subgroups share the same states. This is often seen in large populations that have undergone recent speciation events (Maddison 1997) . In the IncP-1 plasmid, recombination within subgroups (i.e., intragroup HGT) may lead to differential sorting of ancestral polymorphisms at multiple loci in the same way that recombination within sexually reproducing species does. HGT is the transfer of genetic material between different taxa, here plasmids of different subgroups (Maddison 1997) . Classically, resolution of incongruence and estimation of species trees were accomplished either with consensus methods (Bryant 2003) or with total evidence methods (Kluge 2004) . Consensus methods rely on estimating a summary tree from a collection of gene trees, whereas total evidence involves the analysis of a single-gene tree from a collection of genes that are concatenated into a supermatrix. More recently, however, several methods have been developed to estimate species trees using coalescent models (e.g., BEST, Liu 2008; STEM, Kubatko et al. 2009; *BEAST, Heled and Drummond 2010) . These methods assume that incongruence is being generated exclusively by the stochastic sorting of ancestral polymorphisms (Liu et al. 2009 ), although they appear to be robust to HGT/hybridization to at least some degree (Chung and Anè 2011) .
The goal of this study was to determine the evolutionary history of the backbone of IncP-1 plasmids by systematically examining congruence among gene trees estimated from the backbone genes. Results showed extensive incongruence among the trees, as expected. Therefore, we applied a series of phylogenetic analyses to estimate the evolutionary history of these plasmids in the face of this incongruence. This is the first gene-by-gene analysis of backbone genes of IncP-1 plasmids, and in spite of strong incongruence among genes, we derive a strongly supported estimate of the relationships among the five well-known IncP-1 subgroups by using species-tree estimation approaches.
Materials and Methods

Plasmids and Genes
Complete sequences of IncP-1 plasmids were extracted from GenBank or determined by us, a total of 65. Only backbone genes that were common to all plasmids were used for phylogeny estimation (dark-gray open reading frames [ORFs] in fig. 1 ). For those plasmids that showed identical sets of backbone gene sequences, only one representative plasmid was retained. In addition, plasmids such as pEST4011 that were missing a large section of backbone sequence shared by all FIG. 1. Genetic map of a typical IncP-1 plasmid showing the different functional modules: region involved in initiating replication, composed of origin of replication (oriV), and replication initiation gene (trfA); trb, involved in mating bridge formation during conjugation; tra, involved in DNA processing for transfer during conjugation; ctl, also called central control region, is composed of regulatory genes and involved in maintaining plasmid stability; and accessory regions are composed of host-beneficial genes. Genes that were included in this study are colored dark gray. Numerals inside the circle indicate tree topologies that were shared by several genes (topologies 1-4) or unique to one gene (U); topologies were inferred in this study by maximum likelihood (fig. 2 ). other plasmids were not included nor was plasmid pIJB1 because of its duplicated trfA and trb genes of IncP-1d and IncP-1b descent (Sen et al. 2010) . The plasmids from the recently proposed z, Z, and an unnamed subgroups (see Introduction) were not included because their sequences only became publically available in the middle of this study and because of their wide sequence divergence and lack of evidence that they are physically incompatible with the prototype IncP-1 plasmids. The final set of plasmids used in this study is presented in table 1. All plasmids, including those that were previously published, are referenced only by their Genbank accession numbers or National Center for Biotechnology Information reference numbers.
Sequencing and Annotation
The following 15 plasmids were sequenced as part of this study (references refer to the studies that first isolated and described the plasmids): pB1 and pB12 (Dröge et al. 2000) , pEMT3 (Top et al. 1995) , pG527 (Götz et al. 1996) , pC11 and pNB1, (Boon et al. 2001 ), pKV29 (Stolze et al. 2012 ), pTB30 (Dejonghe et al. 2002) , pKS208 and pKS212 (Heuer et al. 2002) , pRSB222, pRSB223 (Schlüter and Sczcepanowski, unpublished) , pWEC911 (Smalla and Hill, unpublished) , pYS1 (Sota, unpublished), and pDS3 and pMBUI1 (Sen, Yano, Bauer, Rogers, Brown, and Top, unpublished) . All plasmid sequences were determined at the DOE Joint Genome Institute (Walnut Creek, CA) by either of two methods. Pyrosequencing of plasmids pDS3, pMBUI1, pRSB222, and pRSB223 was performed on a GS FLX with the titaniumsequencing chemistry to approximately 90x coverage (Roche/454 Life Sciences, Branford, CT). Sequence data were assembled using the Newbler software (Roche/454 Life Sciences, Branford, CT). Plasmids pB1 and pB12, pC11, pEMT3, pG527, pKS208, pKS212, pNB1, pTB30, pWEC911, and pYS1 were sequenced using the Sanger method. Approximately 3-kb clone libraries were constructed for DNA sequencing of 384 clones, and sequences were determined for each plasmid in both directions. These sequences were assembled at JGI using PGA a platform for comparative genome assembly based on genetic algorithm optimization (Zhao et al. 2009 ). Any gap closure and polishing were done in house by primer walking. Automatic annotations were provided by the IGS Annotation Engine at the Institute for Genome Sciences, School of Medicine, University of Maryland (http://ae.igs.umaryland.edu/cgi/index.cgi) for plasmids pDS3, pMBUI1, pRSB222, and pRSB223 and by the J. Craig Venter Institute Annotation Service (http://www.jcvi .org/cms/research/ projects/annotation service) for the rest of the plasmids. These were followed by manual annotation by the authors. GenBank accession numbers are provided in table 1.
Nucleotide Sequence Alignments and Model Selection
The amino acid sequences of each gene were aligned with ClustalX (Thompson et al. 2002) . Tranalign (Rice et al. 2000) was used to align the nucleotide sequences of each gene guided by the aligned amino acid sequences. Nexus formatted files were created from aligned nucleotide sequences for analyses in PAUP* (Swofford 2003) and MrBayes v 3.1.2 (Ronquist and Huelsenbeck 2003) , and PHYLIP-formatted files were created for analyses in RAxML (Stamatakis 2006) . For the concatenated tree, individual genes were aligned and concatenated, and the concatenated alignment was partitioned by codon positions. Model selection for maximum likelihood (ML) and Bayesian estimation were done with the program DT-ModSel (Minin et al. 2003) . A list of models selected for each analysis is presented in table 2.
ML Analyses
For gene-tree estimation, iterative heuristic searches were performed using PAUP*, and the iterative approach was described by Sullivan et al. (2005) . ML searches were carried out with tree bisection and reconnection branch swapping on 20 random starting trees generated by stepwise addition. For the concatenated data, an ML tree was inferred using the program RAxML (Stamatakis 2006) with the GTR + À model and parameters estimated separately for the three-codon partitions. Support values were estimated from 100 nonparametric bootstrap replicates (Felsenstein 1985) . The tree with the highest likelihood was used as the ML estimate of the concatenated tree, referred to as ML concat later.
Bayesian Posterior Probability Distributions
The program MrBayes v 3.1.2 (Ronquist and Huelsenbeck 2003) was used for estimating the posterior probability distributions of gene trees for each backbone gene and also for the concatenated data. A Markov Chain Monte Carlo algorithm was used to sample the posterior distribution of trees by running four chains for up to 8 million generations and sampling trees every 100 generations. Convergence of chains was assessed by plotting the standard deviation of split frequencies against the number of generations. A separate partitioned analysis was carried out for the concatenated data using GTR + I + À for the first and third codon positions and GTR + À for the second position. For both gene and concatenated data sets, trees sampled before convergence were discarded, and the remaining trees were used for Bayesian hypothesis testing.
Congruence Tests
Initial assessment of phylogenetic uncertainty as the cause of incongruence among gene trees was conducted using parametric bootstrap analyses (i.e., SOWH tests; Goldman et al. 2000) . ML searches for each gene were conducted in PAUP* (Swofford 2003) , as described earlier to provide an ML estimate of the gene tree, ML gene . Model parameters and branch lengths were reoptimized after exclusion of missing and ambiguous characters. ML searches were constrained to fit the topology of the concatenated tree to find the best fit of the individual gene data to the hypothesis that phylogenetic error is the only source of incongruence among the gene trees, ML hyp . The test statistic was the difference in log-likelihood scores of the two trees ( = ln L[ML hyp ] À ln L[ML gene ]) the significance of which was evaluated under a frequentist framework by simulation. The constrained tree (ML hyp ) was treated as the true tree on which 100 replicate data sets were simulated with SEQ-GEN (Rambaut and Grassly 1997) using the same model parameters that were optimized from the real data. The lengths of the simulated sequences were set to be identical to the length of each gene, and PAUP* was used to find the ML tree and the best tree constrained to fit the topology of the concatenated tree for every replicate. See Materials and Methods for references to studies that described the plasmids whose sequences were not previously published. All previously published plasmids are only referred to here by their RefSeq or Genbank/EMBL/DDBJ accession numbers.
This provided the null distribution against which we compared the test statistic () to evaluate the probability that phylogenetic uncertainty can explain the observed incongruence among the backbone gene trees.
Because the SOWH tests rely on point estimates of model parameters in simulation of the null distribution, we also assessed phylogenetic uncertainty with a Bayesian framework that marginalizes across uncertainty in model parameters. The tree filters option in PAUP* (Swofford 2003 ) was used to assess the proportion of trees in the posterior distribution of trees for each gene that was congruent with the topology of the concatenated ML tree, ML concat . We also assessed the reciprocal congruence (i.e., proportion of trees in the posterior distribution of trees for the concatenated data consistent with the topology of each ML gene tree). This yielded the posterior probability that the incongruence is due to phylogenetic uncertainty.
Finally, we used the conservative nonparametric Shimodaira-Hasegawa test (Shimodaira and Hasegawa 1999) to assess the incongruence between each gene's ML tree and the concatenated tree. To render this test conservative, we included each of the 28 single-gene ML trees and the concatenated tree in the centering step. We then calculated P values for each gene using RELL bootstrap with 1,000 replicates.
Species-Tree Estimation with *BEAST
To account for coalescent stochasticity, we applied the traditional notion of a species to IncP-1 subgroups identified by earlier studies. Thus, intragroup HGT can be treated as analogous to recombination within sexually reproducing species and intergroup HGT treated as analogous to introgressive hybridization. Nexus-formatted files of the 28 genes were used as input for *BEAST (Heled and Drummond 2010) . Substitution models were chosen as earlier and were unlinked across genes with parameters estimated separately for each gene. Plasmids were assigned to the five subgroups (a proxy for species) based on previous studies. In BEAST (v 1.6.0), a Markov Chain Monte Carlo algorithm was used to sample the posterior distribution of trees by conducting five independent runs of 100 million generations each using a Yule prior for the species tree, a piecewise linear and constant root prior for population size, and uncorrelated, lognormal, relaxed clocks. Postburnin trees were combined with the program LogCombiner (BEAST v 1.6.0), and chains were assumed to converge when the average standard deviation of split frequencies was found to be <0.011. The maximum clade credibility tree with posterior probability of each node was computed with the program TreeAnnotator (BEAST v 1.6.0).
Detection of Recombinants
To detect recombination among the plasmids in the data set, alignment files of the backbone genes were concatenated in the order and orientation in which they appear on IncP-1 plasmids (fig. 1 ). The recombination detection programs RDP, GENECONV, BootScan, MaxChi, and Chimaera, which are implemented in RDP3 (Martin et al. 2010) , were run with default parameters. Only recombinants that were identified by at least two programs were considered.
Results
Plasmids and Genes
To infer the evolutionary history of plasmids from the incompatibility group IncP-1, a set of 65 completely sequenced IncP-1 plasmid genomes was retrieved from Genbank and our own plasmid sequence collection. They were selected based on previously published assignment to one of the five major IncP-1 plasmid subgroups (a-e) or our own comparative sequence analysis. A total of 28 backbone genes were found to be common to all plasmids and therefore included in this study ( fig. 1 , dark gray ORFs). After removing duplicates (plasmids with identical sets of backbone gene sequences), and including our 15 newly sequenced plasmids, a final set of 46 plasmids was obtained (table 1) . For example, the backbone gene sequences of pJP4 were identical to those of pB10 
HKY, variable base frequencies, different transition, and transversion rates; K81uf, variable base frequencies and three substitution rates; TrN, variable base frequencies, equal transversion rates, and variable transition rates; TVM, variable base frequencies, equal transition rates, and variable transversion rates; TIM, variable base frequencies, variable transition rates, and two transversion rates; GTR, variable base frequencies and six substitution rates; À, gamma distributed rate variation among sites; I, proportion of unchanging sites. and therefore not included. Visual inspection suggested that all alignments were of good quality. Because the 5 0 -ends of genes trfA1 and kfrC did not appear to be homologous between different subgroups, they were excluded from the analysis.
ML Analyses
Gene trees were produced by separate ML analyses of the 28 backbone genes using the nucleotide substitution models in table 2 (supplementary fig. S1 , Supplementary Material online). Analyses of 21 of those genes produced four topologies that were similar and differed only in the placement of the IncP-1d and IncP-1a plasmids (fig. 2) . The remaining seven gene trees were very different from each other and did not agree with any of the four common topologies (supplementary fig. S1 , Supplementary Material online). Topology 1 ( fig. 2A ) was consistent with trees inferred from almost half of the genes (13 of 28; trfA2, trbA, trbC, trbG, traG, traH, traI, kfrC, kfrB, kfrA, korB, korA, and kleE). 
Examination of Congruence
To test the hypothesis that the 28 backbone genes of IncP-1 plasmids have a single evolutionary history and that the incongruence described earlier is only due to phylogenetic uncertainty, each gene tree was compared statistically to the concatenated tree first using the parametric bootstrap. For the concatenated tree (shown in fig. 3 ), individual genes were aligned and concatenated in the order in which they appear on IncP-1 plasmids: trfA2, trbA, trbB, trbC, trbD, trbF, trbG, trbI, trbJ, trbK, traD, traE, traF, traG, traH, traI, traJ, traK, traL, kfrC, kfrB, kfrA, korB, incC, korA, kleE, korC , and klcA (fig. 1) . The concatenated tree had the same topology as topology 3 described ( fig. 2C ). It represents the null hypothesis that all genes have a single history (i.e., all gene trees are estimates of a single-gene tree) as would be the case in the absence of recombination, either within or among groups. The observed test statistic was evaluated against the distribution of test statistics generated under the null hypothesis. The observed test statistics were significantly larger (P value < 0.01) than the null distributions generated for all 28 genes; in spite of being congruent with the concatenated tree at the deeper nodes, topology 3 still had significant differences at the terminal nodes. Therefore, the incongruence observed between each gene tree and the concatenated tree could not be attributed to phylogenetic uncertainty alone. Thus, the 28 backbone genes have multiple evolutionary histories (i.e., gene trees) because of horizontal transfer and/or coalescent stochasticity. We use the trbB gene to illustrate incongruence between a gene tree and the concatenated tree because the difference between these two trees was the largest of all, with a test statistic of 651 log-likelihood units ( fig. 4A-C) . After 14 plasmids were removed from the analysis (several IncP-1b plasmids, the IncP-1-d plasmid, and all IncP-1e plasmids, based on recombination detection-see later), the difference in the scores of the ML trees for trbB (ML trbB ) and the concatenated data (ML hyp ) decreased to 0 ( fig. 4D-F) . The new test statistic fell within the null distribution, and the P value was calculated to be 0.49 ( fig. 4D-F) . Thus, the null hypothesis of discordance due to phylogenetic uncertainty could not be rejected for this analysis, which illustrates that the plasmids we removed were responsible for the incongruence between the concatenated tree and the gene tree observed for trbB.
In contrast to the frequentist approach used earlier, the Bayesian approach determines the conditional probability of the hypothesis that incongruence between a gene tree and the concatenated tree is due to phylogenetic uncertainty. MrBayes v 3.1.2. (Ronquist and Huelsenbeck 2003) was used to generate the posterior probability distribution of trees for each gene. The tree filter option in PAUP* (Swofford 2003) was then used to estimate the proportion of trees in the distribution that have the same topology as the concatenated tree, ML concat . The fraction of trees retained in the filter represents the posterior probability of the hypothesis, and the probabilities of each gene tree being congruent with the concatenated tree can therefore be calculated. No trees were retained by the filtering procedure for any of the genes; therefore, the probability that incongruence between each of the gene trees and the concatenated tree is due to phylogenetic uncertainty approaches zero. Again, elimination of the same 14 plasmids resulted in 6,925 trees out of 7,419 trees in the posterior distribution for the concatenated data set that were consistent with the topology of the trbB tree (P value = 0.93). This agrees with the results from the parametric bootstrap analysis that incongruence was caused by the 14 plasmids. Overall, Bayesian hypothesis testing and parametric bootstrap analyses show that incongruence among gene trees is not due to phylogenetic uncertainty alone.
Not surprisingly, the results of the nonparametric SH tests are not as uniform (table 3) . This test suggested that 14 of the 28 gene trees are not significantly different than the concatenated tree, but the other 14 are different. Thus, even our conservative implementation of this relatively low power test detected significant incongruence between the ML estimate of the gene tree and the concatenated tree for half of the backbone genes.
Species Tree Estimation with *BEAST *BEAST (Heled and Drummond 2010) was used for estimating the phylogenetic history represented by a species tree for IncP-1 plasmids. Figure 5A shows the maximum clade credibility trees estimated by *BEAST. The species trees are consistent with topology 1, which was found for almost half of the ML gene trees (13 genes out of 28, fig. 2A ). This suggests that the incongruence detected in the parametric bootstrap and Bayesian tests above may largely be attributable to coalescent stochasticity (i.e., recombination within subgroups).
Effect of Recombination on Tree Estimation
To detect recombination between plasmids, individual genes were aligned and concatenated in the order and orientation in which they appear in IncP-1 plasmids ( fig. 1 , all dark gray ORFs, clockwise starting with trfA2). The concatenated alignment was analyzed using RDP, GENECONV, BootScan, MaxChi, and Chimaera, commonly used algorithms for detecting recombination among nucleotide sequences. Extensive recombination was detected within the IncP-1b subgroup, supporting the conclusion that incongruence is attributable to coalescent stochasticity. In contrast, only one instance of recombination between subgroups was detected from positions 7293 to 9902 of the concatenated alignment of the IncP-1a plasmids. This region corresponds to most of the traE and traD genes, specifically from nucleotide 26 of traE to 36 nucleotides from the end of traD ( fig. 1 ; the genes are approximately 2,000 bp and 400 bp long, respectively). The recombination appears to have been between the ancestor of the IncP-1a plasmids and an IncP-1d plasmid similar to pAKD4. Visual inspection of the aligned trbB genes also clearly showed a recombination event that included pAKD4, several of the IncP-1b plasmids, and the ancestor of the IncP-1e plasmids, which would help explain the highly incongruent trbB gene tree described earlier. The amount of recombination among the IncP-1b plasmids may have masked this recombination event from the detection programs.
The low nodal support (posterior probability) in the species tree at the node uniting IncP-1a, -b, -d, and -e plasmids in figure 5A prompted us to exclude the long putative recombinant gene traE in species-tree estimation. After exclusion of
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Topology 1 A B traE, the same topology was obtained but with higher posterior probability at the relevant node ( fig. 5B) . Similarly, when we excluded traE and kept all other ML parameters constant, an ML concat tree was obtained that was now congruent with topology 1 and no longer with topology 3 (data not shown). Topology 1 was the topology that was congruent with almost half of the gene trees and the species tree. These results support the conclusion that the traE gene has been involved in intergroup recombination.
Discussion
Our goal was to infer the evolutionary history of IncP-1 plasmids from their backbone genes in the presence of HGT both within and among subgroups. Recent studies have shown that these genes have evolved not only by acquiring mutations during vertical gene transfer but also by recombining with homologs on other IncP-1 plasmids (Schlüter et al. 2003; Sen et al. 2010; Norberg et al. 2011) . Our challenge was therefore to infer the phylogeny of these plasmids in the presence of both vertical and horizontal inheritance. Our approach was to examine congruence among the inferred phylogenies of the backbone genes and determine the causes of incongruence, so that they could be accommodated in phylogeny estimation. To rule out phylogenetic uncertainty as one of the possibilities, we compared each gene tree to a tree obtained from concatenating alignments of all 28 backbone genes. Concatenation ignores multiple histories of the underlying data and represents a single history for all 28 backbone genes. The null hypothesis that each gene tree is consistent with that single history was rejected for all 28 genes; the observed incongruence could not be attributed to phylogenetic uncertainty alone, indicating the presence of coalescent stochasticity and/or intergroup HGT.
Assessing the impact of coalescent stochasticity in plasmid phylogeny is somewhat less straightforward, but we have applied species-tree estimation procedures that attempt to model stochastic lineage sorting. In these analyses, we have used existing plasmid "taxonomies" based on usually a single gene to group plasmid backbone genomes into putative taxa (subgroups). Within these subgroups, we have assumed that recombination behaves in a manner analogous to independent assortment in sexually reproducing species. We thus used *BEAST (Heled and Drummond 2010) to estimate the backbone "species" tree and accommodate the stochastic process of sorting ancestral polymorphisms. The output from *BEAST included a maximum clade credibility tree ( fig. 5A ) with the same topology as topology 1 ( fig. 2A ) and not topology 3 ( fig. 2C) as consistent with the concatenated data set. However, the posterior probability of the node uniting the IncP-1a, IncP-1b, and IncP-1e plasmids was moderate, 0.89 ( fig. 5A ). To address indirectly if this relatively low nodal probability was due to intergroup recombination, and therefore violation of the assumption that all incongruence is due to coalescent stochasticity, we identified the long traE gene of IncP-1a plasmids as a putative recombinant with an IncP-1d pAKD4-like plasmid and excluded it from the speciestree estimation. This is analogous to eliminating putative hybrids from phylogenetic analysis. The topology of the species tree estimated in the absence of traE ( fig. 5B ) was identical to that produced before removing it but support for the node in question increased (fig. 5A ). This suggests that inclusion of this putatively chimeric gene generated by intergroup HGT is the cause of reduced support. Recombination in this gene was also detected previously by Norberg et al. (2011) and Sen et al. (2010) .
Plasmids of the IncP-1b subgroup, which can be further divided into IncP-1b1 and IncP-1b2 plasmids based on reciprocal monophyly ( fig. 3) , have undergone extensive recombination. It is important to note that these plasmids or the corresponding recombinant genes were not excluded from species-tree estimation because they all occurred within a subgroup (treated here as species) and were not expected to interfere with the analysis. Recombinants can be grouped into 1) recombination events within the IncP-1b2 subgroup (pB4, pNB1, pA1, pB1, pRSB222, pRSB223, and pYS1) and 2) recombination events between IncP-1b1 and IncP-1b2 plasmids (pAOVO02, pAKD18, pDS3, and pB10). Recombination in plasmid pAOVO02 and between pB10 and a pB4-like plasmid had been suggested earlier (Schlüter et al. 2003; Heuer et al. 2004; Norberg et al. 2011) . Interestingly, there were fewer observations of recombination between members of the different subgroups. Except for recombination between the IncP-1a and IncP-1d plasmid, few other instances were observed: those in the trbB gene and another between members of the IncP-1b1 subgroup and the IncP-1e plasmid pEMT3 (data not shown). Recombination crossover points previously detected just upstream and downstream from trbB by Norberg et al. (2011) support our finding that the trbB region is prone to recombination. There are two possible explanations for the limited recombination between members of different subgroups; one is that as similarity between members of different subgroups decreases so does the possibility of recombination. The second is that because the other subgroups do not have as many sequenced plasmids as the IncP-1b subgroup, the genomes of putative recombinants have not yet been sequenced.
Our study provides yet another example of how concatenation may fail to produce accurate estimates of the species tree in complex data sets. Although almost half of the gene trees (13 out of 28) supported topology 1, the concatenated tree supported topology 3. Exclusion of traE from the concatenated data set and keeping all other ML tree estimation parameters constant, yielded a tree that was congruent with topology 1. Thus, the number or configuration of variable sites in the long traE gene may have been enough to dominate the phylogenetic signal in the other genes, a phenomenon called data swamping, such that one or a few partitions provide all the signal in a concatenated analysis (e.g., Edwards 2009). Although the relationships among the subgroups are largely congruent among gene trees, caution must be exercised in choosing genes for inferring phylogenies. Genes such as trfA2, responsible for plasmid replication and traI, responsible for conjugative transfer are often used for inferring plasmid phylogenies. Their gene trees (supplementary fig.  S1 , Supplementary Material online) were largely in agreement with topology 1 ( fig. 2A ) and the species trees estimated by *BEAST (fig. 5 ), and therefore, these genes are recommended to infer the phylogenetics of IncP-1 plasmids. Other genes that would be suitable because they showed the same topology as the species tree are traG, traH, trbA, trbC, trbG, kfrA, kfrB, kfrC, korB, korA, and kleE. Previous studies have generally used these same genes, establishing in many cases the species tree defined here. Vedler et al. (2004) used individual trfA2, traG, and korA gene trees to clearly establish that the then newly defined IncP-1d subgroup was separate from the IncP-1a subgroup. Similarly, three of the four genes chosen to infer the phylogeny of the then novel IncP-1e group, trfA2, korB, and trbA, are part of this set of genes (Bahl et al. 2007 ). To define the InP-1g subgroup, Haines et al. (2006) built a tree using five concatenated genes, korA, incC2, korB, korC, and kfrC; three of these (korA, korB, and kfrC) generated a tree with topology 1 in our study, whereas the korC tree had topology 4 and the incC tree a unique topology ( fig. 2 and  supplementary fig. S1 , Supplementary Material online). Interestingly, their tree based on the five concatenated sequences is more similar to topology 4 than to topology 1, with the IncP-1d and -b plasmids sharing a common ancestor rather than the IncP-1a and -b plasmids. Unfortunately, there were no IncP-1e plasmids available at that time, so the effect of the five-gene concatenation on the topology with respect to that subgroup could not be evaluated. To infer the phylogeny of two novel IncP-1b2 catabolic plasmids, a tree was recently generated based on 24 concatenated backbone protein sequences, including TraE (Król et al. 2012) ; interestingly, its topology corresponded to topology 3 of the concatenated tree in this study. On the basis of our findings, topology 1 most closely represents the true evolutionary history of IncP-1 plasmids. Therefore, we recommend using the genes that generated trees of topology 1 (fig. 2) .
To summarize, the backbones of IncP-1 plasmids have evolved by a combination of vertical and HGT, with the majority of recombination events being restricted to within the IncP-1b subgroup. Why recombination is seen so frequently in IncP-1b plasmids and why the traE gene of IncP-1a and IncP-1d plasmids underwent recombination remains unknown. These recombination events may either be neutral or selectively advantageous to their hosts. In fact, recombination may be a tool that adds further flexibility to plasmids by allowing them to rapidly adapt to changing bacterial hosts and environmental conditions. pKV29, pRSB222, and pRSB223); K. Smalla and H. Heuer (pG527, pKS208, pKS212, and pWEC911) ; and M. Sota
